Advances in the research of intermolecular and surface interactions result from the development of new and improved measurement techniques and combinations of existing techniques. Here, we present a new miniature version of the Surface Force Apparatus -the µSFA -that has been designed for ease of use and multi-modal capabilities with retention of the capabilities of other SFA models including accurate measurement of surface separation distance and physical characterization of dynamic and static physical forces (i.e., normal, shear, and friction) and interactions (e.g., van der Waals, electrostatic, hydrophobic, steric, bio-specific). The small physical size of the µSFA, compared to previous SFA models, makes it portable and suitable for integration into commercially available optical and fluorescence light microscopes, as demonstrated here. The large optical path entry and exit ports make it ideal for concurrent force measurements and spectroscopy studies. Examples of the use of the µSFA in combination with surface plasmon resonance (SPR) and Raman spectroscopy measurements are presented. Due to the short working distance constraints associated with Raman spectroscopy, an interferometric technique was developed and applied for calculating the inter-surface separation distance based on Newton's rings. The introduction of the µSFA will mark a transition in SFA usage from primarily physical characterization to concurrent physical characterization with in situ chemical and biological characterization to study interfacial phenomena, including (but not limited to) molecular adsorption, fluid flow dynamics, determination of surface species and morphology, and (bio-)molecular binding kinetics.
INTRODUCTION
Interfaces are ubiquitous in nature and pursuits to control, understand, and modify interactions across interfaces have spanned millenia. 1 Advances in fundamental and applied nanoscience and surface science research [2] [3] in recent years have profoundly impacted technology, medicine, 4 and our fundamental insight into the physical world.
To gain a better fundamental understanding of intermolecular and inter-particle interactions at surfaces, there have been numerous efforts to combine multiple measurement techniques into single instruments, including Atomic Force Microscopy with Electrochemistry, 5 tip-enhanced Raman spectroscopy, 6 Quartz Crystal Microbalance -Dissipation with Reflectometry, 7 Surface
Plasmon Resonance with Electrochemistry, 8 Magnetic Resonance Imaging-Photoacoustic
Imaging-Raman Imaging, 9 and Surface Forces Apparatus with X-ray spectroscopy 10 and electrochemistry 11 . Combined techniques allow concurrent in situ measurements-a requirement for sensitive systems in which small variations can have a huge impact on the physical and chemical properties. An example is the interaction between cytoplasmic cell membranes. The distance between cytoplasmic cell membranes in the human body is on average no more than 10 nm. At such short separation distances between two objects, the interaction energies (e.g., electrostatic attraction or repulsion, van der Waals and hydrophobic, and complementary (bio-)specific interactions) induce rearrangements of constituent species within each cell membrane that would otherwise not occur within isolated membranes. Only minor changes in the lipid/protein composition or the presence of very small quantities of additives such as polymers or nanoparticles can dramatically change membrane domain morphologies, with correspondingly dramatic influences on adhesion and other interactions between membranes. [12] [13] [14] Measuring and understanding the influences of such subtle effects often requires combined techniques applied under in situ conditions, providing motivation for the development of new combined instruments.
The Surface Forces Apparatus (SFA) has been a workhorse for interfacial science for the last fifty years. 15 The continuous development of the commercially available SFA, the SFA2000, 16 has allowed simultaneous force-measurements with (i) electrochemistry for precise control of surface potential and current flow, 11, 17 (ii) fluorescence microscopy to study simultaneous membrane morphological changes and intermembrane energies and adhesion, 18 and (iii) a 3D sensor-actuator for measuring anisotropic friction forces. 19 A specialized SFA system has been developed for simultaneous X-ray characterization. 10 Another SFA system has been developed for simultaneous capacitive detection to measure viscoelastic properties and electric field response of thin films, and properties at the solid-liquid interface (e.g., slippage, adsorbed liquid layers). 20 While the SFA2000 was designed to accept numerous attachments (e.g., friction, electrochemistry, fluorescence), it is too bulky to easily interface with typical laboratory microscope systems and thereby leverage many widespread microscopy techniques. Therefore, a new miniature Surface Forces Apparatus (µSFA, shown in Figure 1 ) has been designed that, like the SFA2000, enables accurate and unambiguous force-distance measurements and additionally enables simultaneous optical imaging and spectroscopic characterization of interacting surfaces in real time. The µSFA can perform the same force measurements as previous SFA instruments and the large ports allow it to interface with diverse optical and spectroscopic techniques including fluorescence imaging, Raman spectroscopy, X-ray diffraction and/or spectroscopy, and Surface Plasmon
Resonance (SPR) spectroscopy. The µSFA is ideal for studying complex surface interactions, processes, and morphologies in nano-to meso-scale systems (both biological and non-biological).
The instrument enables simultaneous dynamic characterization of surface layer morphologies, processes, and interactions and is expected to yield fundamental insights into the relationship between changes in microscopic and submicroscopic structure and organization, molecular binding energies and kinetics, and inter-surface interactions.
Here, we describe the µSFA and demonstrate its capabilities for several model cases. Normal and frictional force measurements were conducted with simultaneous fluorescence microscopy, SPR spectroscopy, or Raman spectroscopy. The Raman-µSFA was especially challenging due to the short working distance constraints, which were mitigated by developing an interferometric technique for calculating the surface separation distance based on Newton's rings.
MATERIALS AND METHODS

Chemicals and Materials.
Muscovite mica pieces of high optical grade (S&J Trading) were cleaved to 1-5 µm thin sheets before being placed onto a freshly cleaved mica backing sheet. 21 Silver was deposited on one side of the mica in a thermal evaporator, and the sheets were stored in desiccators at low pressures until used. Before use the mica sheets were peeled off the backing sheet and glued (thermosetting glue EPON 1004F, Miller-Stephenson or UV-curing glue Norland 81) onto a cylindrical fused silica disk (SurForce LLC) with the silver side towards the glue layer.
In the section on Newton's rings force measurements, the surfaces were commercially purchased optical polished N-BK7 glass: a plano-convex lens with radius R ≈ 2 cm (Edmund optics, #63-476) installed on the force measuring spring and an ultra-thin window (Edmund optics, #66-187) glued to the bottom port of the μSFA. Both surfaces were cleaned with piranha solution before surfaces (typically 1-5 µm thick mica sheets) back-coated with reflecting silver. 16 The interference pattern generated by monochromatic light passing through the mica surfaces in close proximity is known as Newton's rings. A light source emitting a continuous range of wavelength (e.g., white light) passing through the mica surfaces will form an interference pattern that, when passed through a spectrometer, appears as fringes of equal chromatic order (FECO). The absolute separation distance (as well as the separation distance profile along a line through the contact region) between the mica surfaces can be calculated from the FECO fringes. [22] [23] [24] [25] [26] [27] To measure a force-distance profile a piezo drive or a motorized micrometer drives the surfaces together (with a known distance displacement ΔD over a short time interval) from a region of no inter-surface force into a separation distance at which the surfaces interact, after which they are separated again. Over the same time interval, the actual distance displacement ΔDa is calculated from the FECO. With a pre-calibrated spring of spring constant k, the inter-surface force can be calculated using Hooke's law: F = k⸱(ΔDa -ΔD). A negative force corresponds to attraction and positive force corresponds to repulsion. The force F between two curved surfaces with radius of curvature R is converted to a pressure P between two planar surfaces by using Derjaguin approximation to obtain the energy E = F/(2πR), then differentiate to get P = dE/dD. 1 At flat contact the average pressure is P = F/A, where A is the contact area.
The miniature Surface Forces Apparatus (µSFA). To make an SFA compatible with optical and spectroscopic techniques, we designed the µSFA shown in Figure 2 . We (1) reduced the dimensions of the existing SFA (i.e., SFA2000 from SurForce LLC) by roughly a factor of two,
i.e., reducing the volume by a factor of 8; (2) reconfigured the mechanical controls, electrical connections, fluid inlet and outlet ports, sample insertion port, thermistor port, viewing windows, etc., to enable operation of the µSFA during concurrent optical and spectroscopic measurements; (3) enlarged the entrance port or window to receive large fluorescence and other microscope objectives, (4) reduced the distance between the objective and sample from 10 mm to < 3 mm to match the focal length of typical fluorescence and other microscope objectives, and (5) enabled "normal" crossed-cylinder (equivalent to sphere-on-flat at short separation distances) and sphereon-flat modes for spectroscopic and high-resolution microscopy (high numerical aperture and small working distance) applications. These design changes allow the µSFA to be mounted on a microscope stage and facilitate optical, fluorescence, and other types of spectroscopic imaging and characterization (e.g., Surface Plasmon Resonance and Raman) of systems under confinement.
The µSFA has four levels of positioning control spanning ranges of motion from mm to sub-nm: a differential micrometer with coarse and medium control, a motorized fine micrometer coupled to the lower surface via the force spring attachment, and a piezoelectric tube coupled to the top surface. The differential micrometer deflects the coarse displacement spring around a flexure point at the same plane as the contacting surfaces to ensure a vertical motion of the surfaces (see Fig. 2a to the inputs of a spectrometer (HR4000, Ocean Optics).
As will be described in the following sections, the µSFA has been tested in both a standard SFA optical setup and an inverted microscope setup.
RESULTS AND DISCUSSION
The µSFA is designed to be integrated with new optical and spectroscopic attachments. First, however, we demonstrate that it is capable of reproducing standard SFA measurements. 28 Figure   3a shows normal forces, measured using the FECO technique described above, between two mica surfaces immersed in an aqueous solution of 5 mM NaCl. The forces agree well with the expected DLVO (van der Waals and electrostatic double layer) forces between the anionic mica surfaces.
The inverted microscope allows facile imaging of the contact between mica surfaces. Figure 3b shows an image of the Newton's rings interference pattern that occur when bringing mica surfaces into contact in air. The inverted microscope also facilitates fluorescence imaging of the contact area between surfaces in the µSFA, as shown in Figure 3c , which shows 4 μm fluorescent beads confined between mica surfaces. The distinct circular shape is the outline of the contact area, as the beads have been pushed out of the contact to the edge of the contact area. objective.
To demonstrate the new capabilities of the µSFA design, the following four sections describe experiments using fluorescence microscopy, Surface Plasmon Resonance (SPR) spectroscopy, and
Raman spectroscopy in combination with normal (to the interacting surfaces) and frictional force measurements. The adaptability of the μSFA is showcased by these three examples, as each set of experiments uses a different surface configuration: crossed-cylinders (fluorescence), sphere-flat (SPR), and inverted sphere-flat (Raman).
Simultaneous and In-Situ Force Measurements and Fluorescence Imaging (FL-µSFA)
The new multimodal µSFA enables in-situ and simultaneous measurements of inter-surface forces and fluorescence imaging. Fluorescence microscopy has widespread applications in biological, polymer, and nanoparticle science. [29] [30] [31] [32] [33] Recently, a custom-designed fluorescence attachment to the SFA 2000 allowed visualization of the hemifusion of two lipid bilayers. 18 The µSFA may be mounted and operated in an inverted fluorescence microscope ( To demonstrate the application of the new FL-µSFA setup for measuring particle and fluid dynamics, we analyzed forces between mica surfaces across a solution containing 2 mg/mL of 4 tracked using the fluorescent microscope. Approximately 41,000 partial particle trajectories were detected and analyzed using MosaicSuite particle tracker 34 and Fiji 35 . A representative video of particle motions during approach along with the visualized particle trajectories are shown in the Supporting Information (Video S1).
The FL-µSFA setup allows simultaneous measurement and analyses of inter-surface pressures and the tracked particle motions (Fig. 5) . The inter-surface pressure P as a function time is shown in Figure 5a . The pressure starts to increase at 34 s as particles are trapped and compressed between the two surfaces. The pressure increases monotonically for the remainder of the approach, except between 37 and 41 s where a combination of rearrangement of the trapped microparticles and a lateral shift in the contact point of tens of µm results in a pressure drop. Concomitantly, the mean particle speeds were determined for particles within annular regions 50 µm in width of different distances from the center of the inter-surface contact area, which are shown in the inset to Figure   5b and in Figure S1 . Within 50 µm of the center of the contact area (Fig. 5b, orange) , the particles are relatively immobile during the first 25 s of the approach of the surfaces. However, further from the contact point the particles rapidly increase in speed 20 s after the beginning of the approach.
The increase is most pronounced for particles 300-350 µm from the contact (Fig. 5b, green) , and is less pronounced for particles closer (Fig. 5b , blue and magenta) and further (Fig. 5b, red) from the contact. As the inter-surface pressure increases for t > 30 s, the particles within the contact area 
Fluorescence Imaging and Tribological Measurements
The field of tribology will particularly benefit from the combination of fluorescence imaging and surface forces measurements. Correlating frictional forces to the distribution, mobility, and conformations of lubricating molecules at interfaces has long been an elusive goal. The µSFA offers a unique opportunity to explore and unravel such correlations.
To demonstrate the capabilities of the µSFA to simultaneously measure lubrication forces and assess spatial distributions of lubricating species, we performed a series of tribological experiments to test the lubricating properties of suspensions of fluorescently labeled nanoparticles. To characterize the dynamic spatial distributions of the nanoparticles during shearing of the contact, we mounted the µSFA on a fluorescence microscope equipped with a camera for fluorescence imaging. The setup allows simultaneous acquisition of the FECO fringes emerging from the surfaces, frictional forces recorded by strain gauges installed on the upper surface holder and a top view image of the distribution of fluorescently labeled nanoparticles in the contact (see Fig. 4 ). To control the lateral motion of the upper surface, a standard SFA2000 friction device was used. 16 This arrangement has proven to be particularly powerful to follow dynamically the initiation of wear cracks and their propagation along the shearing path. Identifying the initiation of wear during a tribological test is a long-standing challenge. The conventional way to detect wear initiation is through the monitoring of the frictional force during sliding or via analysis of the topography of the sliding track after experimentation. Monitoring the friction force to detect transient changes that could be correlated to surface damage is challenging and often subjective. Many systems that are prone to wear do not necessarily demonstrate any changes in friction coefficient 36 and, similarly, drastic changes in the friction forces during sliding do not always correlate with surface damage. 37 Ex-situ analyses of the contact allow quantification of the chemical and structural changes along the wear track but provide minimal information on how these changes evolve over time.
The configuration of the µSFA in a fluorescence microscope (Fig. 4) film which could be related to changes in film thickness. [39] [40] To demonstrate the advantages of the µSFA with fluorescence imaging, we performed a tribological test using two mica surfaces immersed in a colloidal suspension of silica particles of hydrodynamic diameter Dh = 40 nm. The particles were functionalized with a fluorescent dye to facilitate their detection via epifluorescence imaging. As can be seen in Figure 6a , the tribological results of a standard friction test measuring the friction force, F‖, as a function of the normal load, F⊥, show a linear dependence between these two quantities, a phenomenon described by
Amonton's laws of friction. 1 The linear relationship between F‖ and F⊥ suggests that the friction coefficient between the two surfaces (defined as µ = F‖/F⊥) is constant and independent of F⊥ which would appear to indicate that surface damage did not occur during the test. Furthermore, as can be seen in Figure 6b , the FECO fringes do not necessarily present any sign of damage of the surface but rather local deformations. As previously reported, signs of surface damage appear in the FECO fringes as discontinuities in the fringe pattern due to loss of mica or even detachment of mica from the reflective layer. 41 However, top view fluorescence imaging of the contact reveals a very different situation. Real-time imaging shows accumulation of particles in multiple wear tracks parallel to the sliding direction and distributed throughout the contact, a phenomenon called the "mending effect". 42 Observation of this phenomenon is almost impossible with FECO alone or bright field imaging of the top view. Fluorescence imaging (Fig. 6c) demonstrates that surface damage does occur, and that crack filling by nanoparticles during shear almost instantaneously mitigates the expected fluctuations in friction forces normally observed during wear initiation and propagation, resulting in a linear relationship between frictional forces and load despite the surface damage. Particle aggregates produced during shearing can be seen outside of the contact area (white arrows).
Surface Plasmon Resonance and Surface Forces (SPR-µSFA)
Surface plasmon resonance (SPR) spectroscopy is a useful tool for characterizing and quantifying (bio)molecular interactions and measuring the binding of analytes to immobilized biomolecules without using labels. 43 The most common SPR sensors include a gold or silver film (40-60 nm thickness) 44 deposited on a prism. This film thickness is similar to the gold or silver layers (40-55nm thickness) used as reflecting layer in the interferometric technique in the SFA. Therefore, it is possible to design an SPR attachment for the SFA, as seen in Figure S3 , that allows simultaneous detection of refractive index changes near the SPR surface (e.g., from molecular binding and mass transfer) while performing SFA measurements. Figure 7a depicts the setup for detection of SPR within an SFA. For the SPR attachment, light from a white light source is passed through a collimator to produce a parallel beam. After passing the polarizer, p-polarized incident light is produced that propagates towards a glass prism coated with a gold layer (Fig. 8b) . Under the condition of attenuated total reflection (ATR), the energy of incident light is coupled to excite surface plasmons and consequently weaken the intensity of reflected light. 45 The reflected light is coupled to an output collimator and guided through an optical fiber and into a spectrometer. As the resonant wavelength is sensitive to the surface refractive index (less than 500 nm thick layer from the surface), and the surface refractive index typically changes upon molecular adsorption, we can monitor the molecular binding behavior on the gold surface through the changes to the SPR resonant wavelength. 46 This setup allows for simultaneous SFA and SPR measurements. In order to evaluate the sensitivity of the SPR-µSFA to the surface refractive index, the resonant wavelengths are measured for various water/glycerol mixtures (v/v% glycerol = 0-25%) with refractive index (RI) between 1.333 and 1.368. Figure 8a shows the increase (i.e., redshift) in SPR wavelength as the concentration of glycerol in the water/glycerol mixtures increases. Figure 8b shows the relationship between SPR wavelength and the refractive index, which confirms the refractive index sensitivity of the SPR wavelength. To demonstrate the ability of the SPR-µSFA to detect protein mass transfer, we measured the mass transfer of lysozymes from the apposing mica surface to the gold surface. The mica surface was incubated for 1 hour in a 1 %w/w lysozyme solution (pH=4.5) allowing lysozyme to physically adsorb onto the mica surface. The mica was then rinsed with PBS, resulting in a lysozyme film on the mica as depicted schematically in Figure 9a . The lysozyme film was brought into contact with the gold surface, held for 3 min, and then separated. The approach and separation velocities were 5 nm/min. The reflectivity spectra and corresponding SPR wavelength values were recorded before and after each contact. Figure 9b shows that after the first contact of the two surfaces, lysozyme molecules were partially transferred from mica surface to gold surface, resulting in an increase in SPR wavelength. After the second approach and separation, there was no further increase in SPR wavelength, which indicated the mass transfer of lysozyme from mica to gold mainly occurred during the first contact. Further contact between the two surfaces did not induce any mass transfer.
The surface forces can provide information about changes in adhesion and other inter-surface interactions, and will be the subject of more detailed analyses in the future. forces. With the aid of the accurate distance control/measurement of the μSFA, the effects of distance between the gold nanofilm and adsorbed molecules (at the apposing surface) on the SPR signal can be directly studied.
Newton's rings-μSFA and Raman-μSFA
To make the μSFA compatible with microscopy and spectroscopy techniques that require short working distance (i.e., 100's of micrometers) between objective lens and sample or special sample substrates, an optical analysis technique based on Newton's rings was implemented to capture high-resolution force-distance data between glass surfaces. Here, we describe this Newton's rings method, and demonstrate that the method allows the μSFA to be coupled with Raman spectroscopy.
As discussed earlier, the classical SFA uses back-silvered mica in a crossed-cylinder geometry to obtain FECO fringes to measure surface separation distance, 16, 28 which results in several limitations. First, mica is notoriously difficult to prepare with the proper degree of cleanliness. 21, 47 Mica is also mostly inert and can only be functionalized after plasma activation which provides a higher density of reactive surface silanols. 48 The back-silvering results in ~95% reflectance, which makes optical measurements difficult. The loss of intensity due to this high reflectance has been overcome by using dielectric coatings with engineered wavelength transmission windows to enable spectroscopic techniques (e.g., fluorescence microscopy), 18, 49-50 but mica surfaces with such coatings are difficult to prepare. In spectroscopic applications, the birefringence of mica distorts the point-spread-function of the microscope and makes reproducible spectroscopic analyses difficult, particularly for Raman spectroscopy. [51] [52] Finally, the mica is typically mounted on cylindrical silica lenses with thicknesses of several mm. 16 These lenses therefore only accommodate microscope objectives with a working distance of generally ≥ 10 mm. For these reasons, there are few examples of combining spectroscopy with force measurement or controlled confinement in the literature, 53-55 none of which have reached widespread use to date.
To overcome the limitations of short working distance of the objective lens and back-silvered mica substrates, we present here a sphere-on-flat measurement mode for μSFA that uses high-resolution distance measurements by analysis of Newton's rings observed between glass surfaces. We henceforth refer this method as Newton's rings-SFA (NR-μSFA). As shown in Figure 2b , the μSFA can be configured such that a spherical glass lens mounted on the double cantilever spring approaches a flat glass coverslip glued on the bottom port of the μSFA. The μSFA is designed to accommodate the microscope objective (Fig. 2b) such that the objective can reach the bottom of the coverslip, permitting the use of very short working distance objectives with high numerical aperture in epi-illumination, enabling high-resolution imaging. This configuration also eliminates many of the limitations of preparing mica surfaces by using optically transparent glass surfaces, which are easy to clean and functionalize (however, with the trade-off that they are not atomically smooth as in the case of mica).
A simplified schematic of the geometry is shown in Figure 10a . The contact area is illuminated with monochromatic light of wavelength λ and the light interferes between the two surfaces of refractive index n2 through the medium refractive index n1. The reflected light is imaged in an inverted microscope to acquire Newton's Rings patterns during the approach and separation of the top sphere. An example of a Newton's Rings pattern is shown in Figure 10b . This is a combined image of a raw Newton's Rings image divided by a background reference image. The reference image is taken at a large surface separation where no observable radial intensity pattern is found.
The Newton's rings pattern is then radially averaged around its center point to obtain the intensity profile as a function of radial distance I(r) (Fig. 10c) . The shape of the surface can be reconstructed from I(r), a procedure commonly used in Reflection
Interference Contrast Microscopy (RICM). [56] [57] [58] [59] [60] Newton's rings have been used for force measurements as far back as Derjaguin in 1958, 61 and RICM itself has been used to measure surface forces of air bubbles and other soft particles previously. [57] [58] A similar RICM shapereconstruction procedure was used recently for AFM force measurements. 59 Here, we calculate the surface profile D(r) from I(r) using Equation 1, which accounts for the intensity profile within the first extremum,
where A = (Imax + Imin)/2, and B = (Imax -Imin)/2. For r outside of the first extremum, a height increment of λm/4n1 is used to calculate D(r) at each extremum, where m is the extremum number.
Equation 1 assumes parallel planar interfaces, an appropriate assumption given the large radius of curvature of surfaces commonly used in SFA, typically R ~ 1-2 cm. 59 Deviations from parallel surfaces are at maximum dD/dr ~ 10 -3 for the lateral length scales encountered here.
An example of the intensity profile measurement and corresponding surface profile calculation is shown in Figure 10d for the first two extrema. The intensity profile (orange curve, Fig. 10d ) at small values of r contains a small number of pixels included in the radial average and is generally excluded from the analysis. The height profile (blue points, Fig. 10d ) is calculated from the intensity profile (orange points, Fig. 10d ) using Equation 1 and the first two extrema. In this example, a spherical shape (R = 1.9 cm) fits the intensity data, (blue curve, Fig. 10d ) and the fit yields the separation distance at the center of the contact area, i.e., D(r=0) = DC = 37 nm, which is the relevant distance for the force measurement. Due to the geometry of the surfaces, nm-scale movement of the surface corresponds to micron-scale movement of I(r) in the region r ~ 5-80 μm, which is easily resolvable with conventional optical microscopy. Therefore, this surface reconstruction procedure enables measurement of DC with nm-level resolution, allowing for accurate measurement of force-distance profiles, as shown further below.
To demonstrate the utility and accuracy of NR-μSFA, we measured normal force as function of separation distance between glass surfaces in 1 mM, 10 mM, and 100 mM KCl, as shown in Figure   11a . The long-range interactions are well-fitted by standard electrostatic double layer theory, and follow an exponential force-distance relation with typical decay length, κ -1 known as the Debye length, that depends on the solution's ionic strength. 1 Importantly, the fitted Debye length corresponds closely to the expected Debye length at each salt concentration. We measured decay lengths of 8 nm, 4 nm, and 1 nm (Fig. 11a) for theoretical Debye lengths κ -1 of 9.6 nm, 3.9 nm, and 0.96 nm, respectively. Repeated measurements overlay each other in the force-distance profile, demonstrating that the distance measurement is reliable and the interactions are reversible (i.e., the same on approach and retraction) and reproducible. To further quantify the distance accuracy, the inset of Figure 11a shows a zoomed-in view of a single force profile at high force. The observed noise envelope of ~0.5 nm is due to slight variability in the optical analysis and sphere fitting procedure. This noise level is satisfactory for measuring most colloidal interactions, especially long-range interactions. To demonstrate the potential of NR-μSFA for multi-modality, especially in applications that require high-resolution imaging capabilities, we incorporated the μSFA into a home-built inverted microscope to measure force-distance curves simultaneously with Raman spectroscopy (we note that the NR-μSFA can also be integrated into commercially available confocal microscopes). The design and operation of the Raman-μSFA will be fully detailed in a forthcoming publication.
Briefly, the design is based on a conventional confocal Raman microscope, and relies on two independent light paths for simultaneously obtaining Newton's rings and Raman spectra with the same high NA objective. A green laser is used for Raman excitation while the Newton's rings are imaged with blue light; standard dichroic mirrors are used to separate the light paths and steer the Raman signal into a spectrometer.
To demonstrate concurrent Raman-μSFA spectroscopy measurements, we simultaneously measured force-distance profiles by Newton's rings and Raman spectra during approach and separation of two glass surfaces immersed in 1 mM KCl, as shown in Figure 11b . A Raman spectrum was acquired synchronously with the Newton's rings images taken at 1 frame per second, and the surfaces velocity on approach and separation was 6 nm/s in the zero-force regime. The force curve obtained from NR-μSFA is nearly identical to the one shown for 1 mM KCl in Figure   11a . The measured decay length of ~9 nm is close to the theoretical Debye length κ -1 = 9.6 nm in 1 mM KCl predicted by Debye-Hückel theory. 1 The inset of Figure 11b displays backgroundsubtracted Raman spectra at different surface separation distances. The broad O-H stretch resonance observed in this spectral region is assigned to water confined between the two glass surfaces. Integrating the Raman signal intensity over this 3100-3700 cm -1 spectral region of the O-H stretch, and plotting this intensity as a function of the measured distance (Fig. 11b) It is interesting to note that the minimum separation distance (hard-wall thickness) of the surfaces was DC~13 nm. The measurement shown in Figure 11a exhibits a similar nano-scale hard-wall at DC~5 nm. The discrepancy between the hard-wall thicknesses measured in these experiments is likely due to heterogeneous asperities on the glass surfaces. The optical grade glass surfaces used here are polished but exhibit nanometer-level roughness, as measured by atomic force microscopy (AFM) shown in Figure S4 . The overall root-mean-square surface roughness is 0.6 nm, but several asperities ranging from 5-15 nm in height are observed over a representative 20×20 μm area.
Provided large asperities do not arise in the center of the contact zone, representative force measurements can be made to obtain results shown in Figure 11 . The change in slope observed at DC~10 nm in Figure 11a and DC~15 nm in Figure 11b is likely due to compression of such asperities.
As presented here, there are both advantages and disadvantages of NR-μSFA compared to the SFA technique involving FECO fringes. Sample preparation is greatly simplified, it is easily adaptable for multimodal techniques, can be implemented on most standard inverted microscopes without additional required equipment, short working distance objectives can be used, and sub-nm distance resolution can be achieved. As with the standard SFA technique, particle contamination is sometimes unavoidable, and in this case can be detected via the Newton's rings by direct observation of microscopic particles, or if the surfaces exhibit unexpected repulsive forces. The absolute distance measurement is less direct than FECO and it is necessary to confirm that one is measuring the contact fringe by applying high force at the end of an experiment. More rigorous optical modeling of the Fresnel coefficients is currently underway and should provide more direct distance information. While the measurements shown here demonstrate that clean contact zones can be observed with commercially purchased surfaces, the roughness of the glass surfaces is not ideal for molecular scale force measurements; future efforts will include preparation of smoother surfaces using recent methods. 62 Nonetheless, we have shown here that NR-μSFA enables straightforward sample preparation, accurate force measurements, and facile multi-modality, including Raman spectroscopy.
CONCLUSIONS
We have shown that standard force-distance measurements are as feasible and accurate with the new µSFA as measurements performed with the established standard Surface Forces Apparatus, the SFA2000. Furthermore, the µSFA has the additional benefit of enabling concurrent optical and spectroscopic measurements of systems under confinement and shear. Here we have shown the feasibility of concurrent SFA measurements with fluorescence microscopy, Surface Plasmon
Resonance Spectroscopy, and Raman Spectroscopy, offering promise that additional techniques can also be incorporated into the µSFA due to its small size and large ports. The benefit of simultaneous measurements is to unambiguously establish relationships between quantities measured using complementary techniques under identical conditions (i.e., same temperature, salt concentration, pH, and time-dependent history of the surfaces and liquid). The complementary multimodal measurements enabled by the μSFA are expected to provide essential insight into diverse, complex, and sensitive systems with broad relevance for understanding tribological, biological, and physiochemical phenomena at interfaces.
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